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I. INTRODUCTION
The best overall evaluation of the performance of a commu-
nication system is a quantitative evaluation of the quality of
its output. In a digital communication system this evaluation
naturally takes the form of a comparison of transmitted data to
demodulated data. The quantitative measurement of this is
termed bit error rate.
For the purposes of this report the transmitted data is a
differentially encoded phase shift keyed waveform. Thus the
source alphabet contains two characters referred to as "1" and
"0". It is assumed that each baud has an energy content equal
to any other baud and
S (t) = A COS 03 t





(t) =-s,(t). It is assumed that the signals are
equally likely.
The event of an error in the demodulated data is the event
of a source character being received as another source charac-
ter. For the two letter alphabet considered, the probability
of error is
P = P("l" received/"O n transmitted)P("0"transmitted)




= i/2{P("i M / M o M ) + P( n o ?7"i")}
since P("l") = P("0") = 1/2.
It is known [1] the best decision between "0" and "1"
from the waveforms s~(t) and s, (t) embedded in gaussian noise
and defined over a baud length T
n
consists of two matched

















For antipodal signals only one matched filter is required
and the output is fed to a "greater or less than zero" thresh-
old. A well known result for PSK waveforms detected in this







Where E, is the bit energy defined over a single baud, NL is








Integrate and dump after coherent detection (using a phase
locked loop) is usually done rather than using a matched filter
cS
It is necessary to consider the effect of differential
encoding of the transmitted data and the modification
necessary to the previous discussion on the error probability
of the decoded data.
Differential encoding of a data stream of M 0'"s and "l'"s
can be defined as follows:
A "1" causes a 180 degree phase change in the transmitted
data stream,
A "0" causes no phase change in the transmitted data
stream.
Decoding the differentially encoded data stream simply involves
the pairwise EXCLUSIVE-ORing of adjacent bands. There are two
methods of accomplishing this. The first method is termed
differentially coherent PSK or DPSK and compares successive






A second technique is termed coherent differential PSK
or CPSK and does a coherent detection using a phase reference














The DPSK technique is generally not used in SATCOM because
there is no easily provided technique of frequency trackinj
The CPSK method utilizes a PSK demodulator and then
differentially decodes the demodulated data stream. Each
detected but not decoded baud has a probability of error
as given previously for PSK. An error in the decoded
data stream is seen to occur if only one of the paired bauds
in the encoded data is in error. If both bauds are in error
the result will be a correct decoding. Thus,
P ,.-.„. = p (first baud in pair in error and
e(CPSK) v v
second baud is not in error)
+ P (first baud in pair not in error
and the second baud in error).
10




= P (1 -P) + P^-P)
= 2p(l-p)
where p = Pe(PSK) Thus assuming the phase locked loop






The AN/WSC-3 and AN/SSR-1 satellite communications units use
the CPSK technique.
The relation obtained for CPSK has an interesting property.
For high signal-to-noise ratio and low probability of bit error,
P is approximated by simply 2p indicating errors will tend to
occur in pairs. This has been verified by laboratory observa-
tion.
The term E. /N~ which appears in all the probability of
error expressions can be considered a signal-to-noise ratio
in a bandwidth equal to the data rate.
V N " SV kT s S / kT s R
where E, is the signal energy in a baud of length T~, S
is the signal power, R is the data rate, T is the receiver
system noise temperature, and k is Boltzmann's constant equal
to -228.6 dBW/Hz -K.
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In experimentally measuring bit error rate it is desired
to obtain two estimates. First a point estimate of the error
rate and second an interval estimate of the error rate or
confidence interval.
The best point estimate of the error rate, p, is defined
as the unbiased estimate that has a smaller variance than any
other estimate. A necessary assumption is that the error rate
is constant and the trials are independent.
Crow [3] has considered various techniques of sampling
and their associated distributions. If the sample size, n,
is prescribed then the number of errors ("successes"), c,
is given by the binomial distribution and p is chosen as
p = c/n
Then p is unbiased
E[p] = E[c/n] = iHEl = p
where E[»] is expectation. The estimate, p, is also the
maximum likelihood estimate. For np large a gaussian approxi-
mation to the distribution may be used although Crow noted
that for large n and small p as commonly found in digital
communication error rates a poisson approximation results in
a smaller interval estimate.
An interval estimate of p is the estimate of an interval
which will cover p with an arbitrarily selected probability
called a confidence coefficient, Z(k), where k is a confidence
parameter. With the assumptions of E[c] = np and
12
a = np(l-p) = np = np so that a = /c it is easily shown
that
Z(k) = P I|P(1 " — ) < P < Pd + — )]








In the case of CPSK, a = /2~c because of errors occurring
in pairs. It is important to note that the confidence interval
is reduced by larger c, the number of counted errors.
If samples are taken until a predetermined number of
successes occur then the number of trials becomes a random





The nth trial results in an error with probability p and the
other c-1 errors may occur in any of the other n-1 trials.
In this case a suitable estimate of p is
a c-1
13
Crow [3J notes that the lower confidence bound may be deter-
mined as in binomial sampling with c successes in n trials but
the upper confidence limit must be determined as binomial with
c-1 successes in n-1 trials.
If the confidence intervals for the binomial sampling
are applied to the case of inverse binomial sampling the
effect would be to increase the probability of covering p
in the confidence interval beyond that required. This has been
verified by Crow in Monte Carlo simulation.
The data in this report were taken with the requirement
of measuring a large c. Thus the question of data confidence
limits has been minimized. However in other work with various
interferers, not reported here, consideration of confidence
limits is desirable and necessary.
Noise figure will be an important parameter in later
discussions concerning the sensitivity of the receivers and
in the reduction of bit error rate measurements to E, /N~ as
previously noted. Noise figure, usually expressed in dB, is
derived from the more fundamental quantity, system noise temp-
erature, as follows:
F = 1 + T /290
s
System noise temperature is found by summing the individual
system element noise temperatures divided by the gain of all
elements that precede them.
14
II. AN/WSC-3 MEASUREMENTS
The experimental setup configuration used for obtaining
bit error rate data for the AN/WSC-3 satellite communications
unit is shown in Figure 1. .
Since in the laboratory configuration the AN/WSC-3 and
its preamplif ier-diplexer , the AM-6691, were located physically
next to each other an attenuation of 2.8 dB was placed between
them to simulate a typical shipboard cable run. The transmis-
sion line between the AN/WSC-3 and the AM-6691 in a shipboard
installation is air dielectric coaxial RG-318/U with an atten-
uation at the frequencies of interest of 0.7 dB per 100 feet.
Thus an approximate cable run of 400 feet was simulated in
this manner.
The HP-1645A Data Error Analyzer generates a selectable
length linear maximal pseudorandum sequence with TTL levels.
It is a property of a linear maximum PN sequence that when
differentially encoded, a linear operation, the resulting
sequence is the same linear maximum sequence with an apparent
shift in time. Thus a differential encoding scheme was not
necessary with the AN/WSC-3 in differential PSK mode. The
bipolar (±6v) low level teletype output of the AN/WSC-3
permitted ease of interface to the RS-232C input ("1" > 3v,
"0" < 3v) of the HP-1645A Data Error Analyzer.
A strip chart recorder connected to the event output
of the error analyzer provided a time history of the occurrence





































































































it could be determined that errors were occurring randomly,
almost always in pairs
,
and were not bunched as a result of
something unpredicted such as a line voltage transient.
The TTL level transmit sequence modulated a 30 MHz
RF signal through a double balanced mixer. The 30 MHz was
obtained from a Wavetek model 3000 frequency synthesizer for
all testing except the 75 baud rate. The residual FM of the
Wavetek synthesizer is approximately 100 Hz. This was found
to affect the 75 b/s testing. For the 75 baud testing a
HP-8660C frequency synthesizer was used. The residual FM of
the HP-8860C is less than 10 Hz.
The 30 MHz modulated signal was amplified and hetero-
dyned to the desired frequency selected on the receiver.
All testing was accomplished at a receiver frequency of
269.850 MHz. Bit error rate was observed casually at several
other receiver frequencies to insure that representative
results were obtained at the chosen signal frequency. Addi-
tionally, another AN/WSC-3 was obtained on a loan basis from
NAVELEX, Vallejo, and its error rate observed to comparatively
insure that the AN/WSC-3 at the Naval Postgraduate School was
typical. A Telonic 3% bandwidth tunable bandpass filter was
utilized after the heterodyning operation to insure no undesired
mixing products or oscillator spurs were transmitted to the
AN/WSC-3.
The RF data signal was split for monitoring of level
and the transmitted signal attenuated a desired amount by
Weinschel precision calibrated attenuators. Insertion loss
17
through the divider and calibrated attenuators of less than
20 dB attenuation was measured directly. The loss through
attenuators of greater than 20 dB attenuation was verified
by comparing attenuation of equal valued attenuators on a
spectrum analyzer. This permitted comparative assurance that
the large valued attenuators were within manufacturer's
specifications. Line loss was also accounted for. The data
is therefore given for a power level at the antenna port of the
AM-6691.
Figures 2 to 13 show data obtained in a format of
probability of error vs. signal power for bit rates of
9600, 4800, 2400, 1200, 300, and 75 baud each for sequences
with n = 20 and n = 6. All sequences are referred to by the
length of the shift register generator, n. The sequence length
in bits is 2 n - 1. Testing with two sequences of different
lengths was desirable for evaluation of the performance of
the bit synchronizer and the effects of the periodicity of
the data sequence. The slight difference in results for the
two sequences is attributed to the manner in which the HP-1645A
Data Error Analyzer generates the sequences by using as few
shift register taps as possible. For the n = 20 sequence,
20 "l'"s are followed almost immediately by 20 "0"'s. Long
unchanging data streams such as this may affect the bit
synchronization loop in the receiver and thus slightly degrade
performance for the n = 20 sequence. The n = 6 sequence is
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AN/WSC-3 Bit Error Rate at 75 b/s, sequence n=20
30
In use of the signal power vs. error rate figures it must
be realized that the signal generated for testing was provided
by laboratory equipment with a 50 ohm source impedance. Thus
the data is for a receiving system which includes an apparent
antenna temperature of 290 K. A perfectly matched antenna with
50 ohm radiation resistance and no ohmic losses would of course
be noiseless. Typically UHF antenna would have a noise tempera
ture of about 100 K due to external thermal sources. Total
effective antenna temperature, T
,
is given by [4].
T
a V + V 1 " «0






R a + R i, •rad ohmic
is the antenna efficiency and R , is the radiation resistance7 rad
and R i • is the ohmic resistance of the antenna,
ohmic
The plotted data are given in Tables 1 to 12 in the Appendix
along with confidence interval estimates for 95% confidence
based on a gaussian approximation to the binomial distribution.
The previous comments indicate a necessity of further
reducing the data to eliminate dependence on antenna tempera-
ture and provide a more useable format. The more useable
format is provided by a curve of probability of error vs. Ej,/Nq
a quantity which was previously defined. Determination of
E'v/Ng requires an accurate knowledge of system noise and
31
signal power.
There are several methods of making this calculation.
First, to determine the noise temperature of the system
by measurement of noise figure
T
g
= [F-l] 290 + 290 = F290
where T is the system noise temperature, F is noise figure
and the additional 290 K accounts for the apparent antenna
temperature of the laboratory generating system.
The system noise figure was measured using two separate
recently calibrated HP-342A Noise Figure Meters and five
different HP-343A VHF Noise Diodes. These measurements
were then averaged to provide the data given in Figure 14.
The noise figure was measured at the 70 MHz IF of the
AN/WSC-3 and is referred to the antenna port of the AM-6691.
The measurement was also verified by independent calculation
using a solid state noise source and a spectrum analyzer.
The bit error rate data reduced to the P vs. E-,/N n
e b U
format for the more typical n = 6 sequence is shown in Figure
15. Also shown for comparison is the theoretical curve and
several points specified as minimum acceptable performance by
original contract specifications [5].
A second technique of obtaining E, /N« is to directly
measure it at IF before the demodulator where it is defined.
This can be accomplished with a spectrum analyzer. The energy

















































































Probability of Error vs. E./NQ for Various
Data Rates
34
In order to measure the noise power spectrum accurately
it is necessary to consider how the spectrum analyzer operates
A simple analytical model of a spectrum analyzer is shown as
Envelope
Detector
In the HP-8554B spectrum analyzer the bandpass filter is a
gaussian shaped filter. The noise bandwidth of this type
filter is 1.2 times the 3 dB bandwidth. Using the 10 KHz
filter the accuracy of the 3 dB bandwidth is specified as
±5% by the manufacturer. Envelope detection, logging and
averaging affect the distribution of the gaussian noise.
Logging will amplify the noise peaks less than the rest of
the noise signal so that the detected noise power appears
smaller than its true value. The correction necessary to the
spectrum analyzer observation is 2.5 dB [6].
This technique was used to verify the results of the
method of calculating E, /NL by a measurement of RF signal
power. Ev/ N n was calculated by the RF power method. Then
with the setup unchanged the signal-to-noise ratio in a
bandwidth equal to the data rate was observed at IF. Both
of these values for E, /NL were then bounded by calculated
errors incurred in obtaining each measurement.
The bounded intervals for the measured E,/N 's were
compared and found to overlap. It is therefore concluded that
the worst case error bounds for E,/N
n
in Figure 15 are ±1.0 d]
35
The relative accuracy of the curves among themselves is much
better. Applying the worst case errors in the measured E, /N




Bit error rate data were obtained for the AN/SSR-1
using the experimental configuration of Figure 16. The
necessity of using a different measurement configuration
than for the AN/WSC-3 testing is due to the fifteen data
channel and one sync channel multiplexing required of the
transmitted data for the AN/SSR-1.
The installation test set performs this multiplexing
operation. The sync channel, a bit by bit complement of a
linear maximum sequence of length n=4, is multiplexed with
data channels containing "The quick brown fox...." at a
1200 bit per second rate. Errors in the output of the sync
channel at a 75 baud rate are counted on a bit error rate
monitor "BERM" obtained as a prototype from Motorola, Inc.
A deficiency of the BERM is that its maximum preset counter
is 10 bits. Thus only error rates worse than 1 x 10 can
reliably be measured.
Noise figure of the AN/SSR-1 was measured and found to
be 2.5 dB measured at the 20 MHz IF into the vector combiner
and referenced to the antenna port of the amplifier downconver-
ter. The measurement was made with a precision solid state
noise source and a spectrum analyzer using the "Y-factor" method
as the 20 MHz IF could not be accommodated on the HP-342A noise
figure meter.
Figure 17 shows the data obtained as a function of
signal power. Data were taken for two conditions of the
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-136 -134 -132 -130 -128
Signal Power (dBm)
Fig. 17
AN/SSR-1 Bit Error Rate
126 -124
3D
combiner and the other channels terminated in their charac-
teristic impedances, referred to as the "RLY"position ; second,
with data applied to only one channel of the combiner and the
other channels not used in the combiner, referred to as the
"OFF" position. As expected, the additional thermal noise
applied to the combiner by having the channels resistively
terminated causes a degradation of performance at low signal-
to-noise ratios. It is noted that the two curves are coming
together at higher signal-to-noise ratios indicating that the
vector combiner works better at higher signal-to-noise ratios.
Also shown in Figure 17 is a bit error rate curve taken
from the installation test set manual [7] and reproduced for
comparative purposes.
Tables 13 and 14 in Appendix 1 give the numerical values




The performance of the AN/SSR-1 and AN/WSC-3 satellite
communications receivers with random uncoded data has been
reported. This performance characterization has been accom-
plished by measurement of Bit Error Rate. An expression for
the theoretical performance of the AN/WSC-3 has been developed
The receiver's noise figure has been reported. Confidence
limits have been developed to bound the measured data.
The data for the AN/WSC-3 has been reduced to the format
of probability of error vs. E,/N
n
. In comparison of this
data to contract specifications [5] it is seen that the
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Data Rate = 9600 b/s




-130.35 1.429X10" 1 1429
-130.15 1.336xlO _1 4007
-129.95 1.299xl0 _1 3897
-129.75 1.253xl0 _1 3760
-129.55 1.192X10" 1 3575
-129.35 1.08lxl0 _1 3244
-129.15 1.080X10" 1 3241
-128.95 1.0l4xl0 -1 3043
-128.75 9.270xlO" 2 2781
-128.55 8.857xlO" 2 2657
-128.35 7.973xlO" 2 2392
-128.15 7.457xl0" 2 2237
-127.95 7.123xl0" 2 2137
-127.75 6.827xl0" 2 2048
-127.55 5.840xl0~ 2 1752
-127.35 5.357xlO" 2 1607
-127.15 4.787xlO" 2 1436
-126.95 4.3l4xl0~ 2 2157
-126.75 3.870xlO" 2 1161
-126.55 3.473xlO" 2 1042
-126.35 3.4l3xl0~2 1024
-126.15 2.660xl0" 2 798








-125.15 1.378xlO" 2 4133
-124.95 1.096xlO" 2 3288
-124.75 9.367xlO" 3 2810
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BIT ERROR RATE MEASUREMENTS
Data Rate = 1200 b/s
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BIT ERROR RATE MEASUREMENTS
Data Rate = 75 b/s
















































































BIT ERROR RATE MEASUREMENTS
Data Rate * 9600 b/s



















































































































































































" 3 7.149X10" 3
" 3 5.354xl0" 3

































BIT ERROR RATE MEASUREMENTS
Data Rate = 4800 b/s























































































































































































BIT ERROR RATE MEASUREMENTS
Data Rate == 2400 b/s






























































































BIT ERROR RATE MEASUREMENTS
Data Rate = 1200 b/s


































































































BIT ERROR RATE MEASUREMENTS
Data Rate - 300 b/s
Sequence Length - 2 20 -l
Signal P c
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Data Rate = 75 b/s
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-130.75 4.617xl0" 2 277 5.38xl0~ 2 3.848xl0" 2
-129.75 1.129xl0" 2 1581 1.208xl0~ 2 1.050xlO~ 2
-128.75 1.269xl0" 3 2665 1.337xl0" 3 1.201xl0" 3
-127.80 2.500xl0" 5 30 3.765xl0" 5 1.235xl()" 5
TABLE 14
AN/SSR-1 Signal on Channel 1







-133.85 2.150xl0" 3 1075 2.332xl0" 3 1.968xl0" 3
-132.85 8.660xl0" 3 1732 9.237xl0" 3 8 . 083x10 '
^
-131/85 3.110xl0" 3 622 3.456xl0" 3 2.764xl0"-*>
-130.80 7.081xl0" 4 2195 7.500xl0" 4 6.662xlo"
4
-129.80 1.117xl0" 4 670 1.237xl0" 4 9.974x10"
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